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Design Considerations and long-Term Performance of a
Building Foundation in Clay
G. E. Bauer
Professor of Civil Engineering, Civil Engineering, Carleton University, Ottawa, Ontario, Canada, K15
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SYNOPSIS Based on the results of a full-scale footing tests, spread footings were used instead of end-bearing piles
to support a four storey building extension. Five proto-type footings were instrumented and the settlement behaviour
was monitored over 13 years. Special construction procedures had to be employed to achieve compatible differential
settlements between the individual footings and the adjacent existing building.
INTRODUCTION

(1969), and Hanna (1976)).

Initial design considerations for a foundation of a
4-storey extension of a community college proposed end
bearing concrete piles driven to bedrock through 13 m of
a clay deposit. The clay consisted of a 2 m hard but
fissured crust underlain by soft and sensitive clay. The
existing buildings were founded on timber piles. A new
proposal using individual square footings instead of pile
support would realize substantial savings for the owner.
A full-scale and fully instrumented footing test was
carried out in the stiff fissured crust of the clay.
Based on these results and special construction procedures
the building was founded on spread footings located at
different depths to minimize differential settlements.

A soil profile and soil properties are given in Figure 1.
This figure shows that the desiccated crust which is
over-consolidated by more than 300 kPa extends to a depth
of 3 metres. The softer clay below the crust extends to
a depth of 8.5 metres, is overconsolidated by about 150
kPa and has an average undrained shear strength of 40 kPa
as determined by field vane testing. Also indicated in
Figure 1 is the probable preconsolidation pressure with
depth as determined by conventional oedometer tests. The
last column shows the relative elevation of the five
instrumented footings. The footing loads were such that
the total vertical stress in all cases was below the
preconsolidation pressure of the clay. Bedrock was
encountered at a depth of 18 metres below ground surface.
The water table fluctuated according to the season and
generally varies between 1.5 and 2.5 metres depth but must
have been at 3 metres depth in the past as indicated by
the oxidized clay crust. Even though the crust shows a
very high shear strength compared to the underlying softer
material, it is more susceptible to compression under
light loads due to closing of the fissures.

Five proto-type footings were instrumented with surface
and deep-seated settlement gauges in order to monitor the
compression behaviour of the clay. Total stress cells
were installed under one footing to monitor the contact
stress distribution at the base. Transducers were also
used to measure the load application on the footings.
Special construction procedures and sequences had to be
specified in order to achieve compatible differential
settlements between load and non-load carrying elements.
Monitoring over a period of more than 13 years has shown
that the clay layer has achieved complete secondary
consolidation. Seventy per cent of the footing settlement
occurred during the construction period as predicted from
the footing test and this was mainly due to the
compression of the fissures within the crust. The
maximum differential settlements between the five monitor
monitored footings did not exceed 13 mm. The total
measured settlements were less than 25 mm and agreed
within 85 to 95 per cent of the predicted values. The
paper will also present the compression behaviour of the
clay with time for various soil depths and it is
interesting to note that approximately 90 per cent of
the compression occurred within a depth of two footing
widths below the base.
SOIL CONDITIONS
The building is located in the western part of Ottawa,
Canada on a flat clay plain with a surface elevation of
approximately 90 metres. The clay, referred to as Leda
clay or Champlain Sea clay in the literature, is part of
the lacustrine and marine clay deposit whose geotechnical
properties have been described by several researchers
(for example Eden and Crawford (lg57), Eden and Bozozuk
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Footing Load Test
A special footing was constructed and load tested at the
site of Algonquin College in order to estimate the initial
settlement of footings for the proposed extension to
existing buildings. The footing was loaded in 50 kPa
pressure increments to a maximum pressure of 300 kPa and
then unloaded in 100 kPa decrements. Two complete cycles
of loading were performed. The incremental loads were
maintained for 15 minutes and the full load for 90
minutes.
The surface settlement during load application was
measured with dial gauges at the four corner points and
close to the centre. Deep seated settlement points were
augered into the soil at depths of 0.256, 0.56, B, and
1.56 below the base of the footing, where B, the width of
the square footing, was 3.1 m. Two sets of settlement
points were installed, one close to the centre of the
footing, and the other one at the centre of one edge of
the footing. A section through the instrumented footing
is shown in Figure 2. The footing was 66 em thick and was
heavily reinforced. For all practical purposes it can be
considered to be rigid.
From the load-settlement reponse it was found that
approximately 36% of the settlement took place within the
depth 0.25B and 80% within the depth B below the base of

the footing. The deep seated settlement points at the
edge of the footing showed a similar pattern although in
this location approximately 45% of the settlement took
place within the depth 0.258 and 83% within the depth B.
It would appear, therefore, that the modulus of
deformation of the clay beneath the crust is high or that
little stress was induced below a depth B below the base
of the footing. The results from the footing load test
showed that most of the expected settlements were due to
construction settlement and that the total settlement
should not be more than 25 mm. Special design and
construction procedures had to be devised in order to keep
the differential settlement of the individual spread
footings to less than half of this amount. This will be
discussed in the next section.
DESIGN PROCEDURES
Several special procedures were needed in order to
produce a foundation design in which the expected
differential settlements would be within the commonly
accepted criteria of L/300 for framed structures with
normal interior finishes.
The column loads varied from 220 to 2620 kN, the footing
elevations varied by 3m over short distances, and shear
walls required the combining of many individual footings
into large strips or small rafts. Soil bearing pressures
were adjusted from 107 kPa to 375 kPa in order to obtain
compatible differential settlements.
Four special measures had, however, to be included in
the design where the predicted differential settlements
were unacceptable. The first occurred at lightly loaded
exterior walls which supported only the first floor. A
detail was developed providing a concentration of loading
(536 kPa) at a 30 em square 'high pressure point' near
the centre of these wall spans. A yielding layer of foam
plastic was placed beneath the remainder of the wall to
prevent load transfer to the soil except at these points.
It was necessary to 'sharpen' the underside of the wall
to create pressures equal to the yield point of the foam
plastic.
A second special measure was to specify the inclusion of
a 5 em lightly compacted sand fill layer below a group of
intermediate width strip footings. This technique was
intended to produce additional settlements of 0.8 to
1.3 em on the first load cycle.
The third special measure was less economical and consisted of specifying a change in the normal construction
schedule to delay the construction of sections of the
lowest floor system. The lightly loaded, small sized
footings would not settle sufficiently to be compatible
with the perimeter walls and main frame. Hence their
construction was deliberately delayed until the upper
floors and frame had been built and hence until most of
the settl~ents of the main structure had taken place.
This procedure was only valid if, as later confirmed, the
major part of the total settlement took place as
immediate deformation during construction with little
delayed settlement occurring after completing of the
building.
The fourth special measure was again a regulation of
construction procedures. The location of reshoring struts
used to support the uncured concrete floor slabs above
the first floor were controlled so that weight would be
applied by them to the upper side of the largest footings.
Without this provision, most of the structure load could
be carried by the reshores on the ground between footings
tor several months. This would put the settlements of
the large footings out of time phase with the other
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other footings and cause temporary but unacceptable
differential movement.
LAYOUT OF FOOTINGS
The plan location of the five instrumented footings is
shown in Figure 3. For the sake of clarity only the
test footings are shown. Similar square footings were
used throughout the new extension. The distance between
adjacent column lines was 4.6 metres. The interior
footings were located at different depths in order to
achieve compatibility of settlement. The elevations of
the five instrumented footings were given in Figure 1.
These footings were choosen for settlement observation
mainly because their loads could be easily calculated an
their variation in size and depth. All footings were
made of reinforced concrete having a thickness varying
between 750 and 915 mm. They were considered to be rigi
and rough. As soon as the soil was excavated to footin~
level, a skin of lean concrete was poured onto the soil
in order to prevent any disturbance and remoulding of tl
clay.
INSTRUMENTATION OF FOOTINGS
The five square building footings were instrumented witt
surface gauges and deep-seated settlement anchors simile
to the test footing which had been tested prior to the
building construction (Figure 2).
The deep-seated settlement anchors were at depths of
0.258, 0.508, lB, 1.58, 28 and 2.58 below the base of tl
building footings; where B is the footing width. Two
sets of settlement gauges were installed at each footin!
one set as close to the centre of the footing as possib'
and the other set at the edge of the footing. Both set
showed the same settlement behaviour as the footings
are quite rigid. For simplicity sake, the centre settl
ments only are reported in this paper.
The footing 0-19 was also instrumented with five vibrat
wire pressure transducers, type GEONOR, in order to
measure the contact stress between the soil and the bas
of the footing. The cells were placed in one quarter o
the footing as shown in Figure 4. This figure also giv
the maximum normal stress distribution measured with th
transducers. The usually high edge stresses associated
with rigid footings located in clay could not be observ
This can be attributed to the rather granular character
of the desiccated crust material and the shallow
embedment depth of the footing. In addition the low
design bearing pressure, which was governed by the
settlement criterion rather than by the bearing capacit
of the crust, is not conducive to develop high edge
stresses.
OBSERVED SETTLEMENTS
Construction Settlements
The total settlement of a footing located on a saturatE
clay mass is composed of three parts, the immediate
settlement, consolidation settlement, and creep. The
immediate settlement or initial settlement occurs, by
definition, at constant volume, that is at no change o1
pore voids and therefore no dissipation of porewater
pressure. In real-life-conditions both the immediate
and consolidation settlements will overlap, in particu·
if the building is constructed over several months or
even years. It therefore would be more practical to
speak about construction settlement.

The estimated total settlement was in the order of 25 mm
and the expected differential settlement was not to exceed
13 mm.

Figure 5 shows the settlement behaviour of footing M-17
over the last 13 years. This footing was located high
in the crust at a depth 0.8 metres below the ground
surface. Approximately 61 percent of the total settlement
occurred during construction over a period of 15 months.
Similarly for footing 0-19 which was located at the same
depth also 61 percent of the settlement occurred during
the construction period. For the same period footing
CC-12 located at a depth of 2.1 metres experienced 56
percent of the total settlement and footings EE-7 and
GG-8 at a depth of 3.1 metres had settlements of 46 and
48 percent of total settlements respectively. The
settlements are summarized in Table I. As pointed out
earlier, the upper crust of the clay was heavily fissured
which accounts for the higher percentage of construction
settlement of the footings at shallow depth.

The settlement behaviour of five building footings were
monitored over a period of thirteen years. To date, the
maximum total settlement measured is less than 20 mm and
the differential settlement less than 10 mm. Special
design measures and construction procedures had to be
used to keep the differential settlements in acceptable
limits. The settlement distribution with depth was also
measured for these five building footings. The "critical
depth", that is, the depth over which 90 percent of the
vertical settlement has occurred, varied between 1.5 and
l.SB, where B is the width of the footing. Elastic
theory will give a depth of 58 and, therefore if used
would overpredict the settlements considerably for this
type of soil and foundation. The five earth pressure
cells which monitored the normal stress distribution at
the footing-soil interface performed well and yielded
reasonable results.

All the settlement which occurred before the building
was occupied is termed construction settlement and is
mainly due to the compression of the highly fissured
desiccated crust material. It is quite obvious that
some consolidation settlement will also have taken place
during this period.

The building has performed satisfactorily over the last
thirteen years. No distress signals, such as cracks in
the brick and plaster work can be detected. Further
settlements should be insignificant and should not hinder
the normal function of the structure.

Long-Term Settlements
The settlement behaviour over the last thirteen years for
footing M-17 located in the crust and a deeper footing
GG-8 situated below the crust are shown in Figures 5 and
6 respectively. It should be pointed out that the main
objective of locating the footing at different depths
was to achieve compatible settlement or to minimize the
differential settlement. The maximum total settlement
recorded was about 19 mm for footing M-17 and the
smallest value was 11 mm for footing CC-12. From the
full scale footing test, reported by Bauer et al (1973)
and the special design measured discussed earlier, the
total settlement was estimated to be 25 mm with the
differential settlement not expected to exceed one half
of that value. If the present rate of settlement of
0.5 mm per year will continue the estimate total
settlement of 25 mm will be reached in another 12 to 15
years.

REFERENCES
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Deformation Properties of a Clay Crust, Proceedings of
the 8th International Conference of Soil Mechanics and
Foundation Engineering, Moscow, Volume 1, 31-38.
Eden, W.J. and Bozozuk, M., tl969) Earth Pressures on
Ottawa Out-fall Sewer Tunnel, Canadian Geotechnical
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Eden, W.J: and Crawford, C.B., (1957) Geotechnical
Properties of Leda Clay in the Ottawa Area, Proceedings
of the 4th International Conference of Soil Mechanics
and Foundation Engineering, London, Volume l, 22-27.

Settlement Distribution With Depth
The distribution of settlement below the centres of the
five instrumented footings is shown in Figure 7. The
distributions are plotted as percent settlement versus
the ratio of depth to the foundation width of the square
footings. The depth beneath the foundation in which 90
percent of the soil compression takes place is called
the "critical depth of settlement". This concept allows
the comparison of "critical depth" at different
foundation loads and for different foundation sizes and
it is also more easily visualized than the stress
dissipation concept. Figure 8 shows the theoretical
distribution for both rigid and flexible circular
footings located at the surface of an elastic isotropic
half-space. From Figure 1 it is seen that the average
critical depth occurs at Z/B=l.6, where the theoretical
critical depth occurs at Z/D=5. It is obvious that the
elastic theory with an isotropic medium will overestimate the critical depth by more than twice and
therefore, will also overestimate the calculated
settlements using conventional consolidation theories.

Hanna, A.J., (1976) Deformation Characteristics of Soil,
M.A.Sc. Thesis, University of Ottawa, Ottawa, Canada.

CONCLUSIONS
A special instrumented full-scale test footing was used
to study the settlement behaviour of proposed spread
footings for a 4-storey building extension on clay.
Based on these results, spread footings were choosen over
end-bearing piles with a substantial saving to the owner.
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TABLE I - Location and Settlement of Footings
Max. Bearg.
Press
kPa

Width

Footing

B(m)

Z(m)

Settlement mm
Construct.
Peon

Pcon/p13 yr

13 years
pl3 r

%

0-19

3.5

217

0.8

10.2

16.8

61

M-17

2.9

266

Q.8

11.4

18.7

61

CC-12

4.1

158

2.1

6.1

11.0

56

EE-7

3.7

124

3.1

6.4

13.9

46

GG-8

4.0

128

3.1

7.8

16.2

48
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Settlement and Soil Compression (Footing M-17)
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